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Abstract. We introduce an extension of the NuWro Monte Carlo neutrino event
generator for the neutrino-electron scattering processes. This new dynamical channel
includes the charged current and neutral current interactions, as well as their
interference, for ν` e → ν` e, ν` e → νe `, ν¯` e → ν¯` e, and ν¯` e → ν¯e ` reactions
(` = e, µ, τ), resulting in ten possible final states. We illustrate the performance
of the new functionality on various physical examples, including estimation of the
background in the Super-Kamiokande νµ → νe oscillation experiment. We show that
the background events occupy a distinct region of the phase space and can be easily
isolated.
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1. Introduction
Neutrino oscillation experiments, which aim to increase our knowledge beyond the
Standard Model (SM) of elementary particles, strongly rely on the description of
neutrino interactions with matter. Although the majority of interests lie in neutrino-
nucleus scattering, experimental signals contain non-negligible contributions from more
rare neutrino-electron interactions. The latter, being purely leptonic processes that
can be calculated directly from the SM‡, provide a clean experimental signature with
a uniquely small cross section uncertainty. Thus, neutrino interactions with atomic
electrons, despite their rarity, can be used in long-baseline experiments for constraining
neutrino fluxes [2, 3]. Several theoretical groups have tackled this interaction channel
and provided extensive calculations of neutrino-electron scattering cross sections in the
leading order (LO) and next-to-leading order (NLO) [4, 5, 6, 7, 8].
Monte Carlo (MC) neutrino event generators [9] are indispensable tools in the
neutrino oscillation analyses, providing theoretical predictions of neutrino interactions
in particular experimental environments, accounting for the specific neutrino fluxes,
and the detector complexity. The market involves few independently developed codes
optimized for the energy range of accelerator neutrinos, such as NuWro [10], NEUT [11],
or GENIE [12], which are used by different collaborations. MC generators serve as a
bridge between theoretical models and experimental measurements that has to be further
improved to facilitate the progress in neutrino physics [13].
In this work, we describe an implementation of neutrino-electron interactions in the
NuWro Monte Carlo neutrino event generator, which extends the range of its possible
applications as well as increases the precision of the background estimation in neutrino-
nucleus scattering. A similar MC implementation of such a channel has been recently
discussed in Ref. [14], and performed adding a new interaction mode into the GEANT4
package.
Our paper is organized as follows. In Section 2, the analytical expressions for
neutrino scattering off electrons are considered. Then, in Section 3, we describe
shortly the construction of the NuWro Monte Carlo generator and explain technical
details of the new functionality. In Section 4, we present a few primary tests of the
discussed implementation, and exemplify its application in the evaluation of the leptonic
background analysis in the T2K oscillation experiment. We conclude in Section 5 with
our final remarks.
2. Neutrino scattering off charged leptons
2.1. Lagrangian
In the Standard Model, neutrinos scatter off charged leptons via W± and Z0 boson
exchanges, which is represented by the Feynman diagrams in Fig. 1. Neglecting the
‡ In this paper we do not discuss non-standard neutrino interactions [1].
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Figure 1: Leading contributions to neutrino-charged lepton scattering.
boson four-momenta with respect to their masses, the tree level low energy effective
Lagrangian for this scattering can be written as [6, 15]
Leff = −c0
[∑
`,`′
Nµ``
¯`′γµ(c``
′
L PL + cRPR)`
′ +
∑
` 6=`′
Nµ`′`
¯`γµPL`
′
]
, (1)
where ` = e, µ, τ is the charged lepton, and ν` is the respective neutrino; PL and PR
are left and right chirality projectors; Nµ`′` = ν¯`′γ
µPLν` is the neutrino current; and the
numerical coefficients are
c0 = 2
√
2GF, c
``′
L = sin
2 θW − 1
2
+ δ``′ , cR = sin
2 θW , (2)
where δ``′ is the Kronecker symbol, θW is the Weinberg angle, and
GF =
g2
4
√
2M2W
(3)
is the Fermi constant relating weak coupling constant g and W -boson mass MW .
Neutrino-electron scattering includes 6 channels differing by the incoming
(anti)neutrino type, and 10 subchannels differing by the final leptons:
νe e→ νe e, νµ e→ {νµ e, νe µ}, ντ e→ {ντ e, νe τ},
ν¯e e→ {ν¯e e, ν¯µ µ, ν¯τ τ}, ν¯µ e→ ν¯µ e, ν¯τ e→ ν¯τ e. (4)
There is no interference between any subchannels. The processes with `′ = ` are in the
literature called ‘elastic’.
Neutrino masses can be safely neglected. The atomic binding energy of electrons
10 eV . Ebinde . 10 keV is much smaller than the electron mass me and to good
approximation target electrons can be taken to be at rest for the neutrino energies
exceeding the electron mass me. It is also assumed that polarizations of target and
outgoing electrons are not measured.
For initial particle 4-momenta pν = (Eν , ~pν), |~pν | = Eν and pe = (me,~0) the
invariant mass squared is
s ≡ (pν + pe)2 = 2Eνme +m2e, (5)
and production of the charged lepton ` requires neutrino beam energy above the
threshold values calculated with the condition s ≥ m2` :
E`,thrν =
m2` −m2e
2me
. (6)
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In particular, for muon and tau lepton production the respective thresholds are Eµ,thrν '
10.9 GeV and Eτ,thrν ' 3.09 TeV; and there is no threshold for the final electron.
Similarly, at the energy of
EWν =
M2W −m2e
2me
≈ M
2
W
2me
≈ 6.3 PeV (7)
resonant exchange of W -boson can occur in electron anti-neutrino scattering on atomic
electron. For this Glashow resonance [16, 17] energies ν¯e-e interaction dominates over
ν¯e-nucleus one. This PeV-energy effect will be implemented in a future NuWro update.
2.2. Scattering cross section
For all the allowed channels in Eq. (4) the LO differential cross section of neutrino-lepton
scattering can be written as [4, 5, 6]
d
dt
σ
ν`[ν¯`]`
′→ν`[ν¯`]`′
LO =
Eνme
4pi
{
(c``
′
L )
2IL[R] + c
2
RIR[L] + c
``′
L cRI
L
R
}
, (8)
d
dt
σ
ν``
′→ν`′`
LO
∣∣∣∣
6`=`′
= c20
Eνme
4pi
IL,
d
dt
σ
ν¯``→ν¯`′`′
LO
∣∣∣∣
` 6=`′
= c20
Eνme
4pi
IR, (9)
where final to initial neutrino energy ratio t ≡ E ′ν/Eν varies in the range of
tmin ≡ me
me + 2Eν
− ∆m
2
2Eν(me + 2Eν)
≤ t ≤ 1− ∆m
2
2Eνme
≡ tmax, (10)
where ∆m2 = m′2−m2e is the charged lepton mass splitting with the final charged lepton
mass of m′ = me, mµ, mτ . The kinematical factors in Eqs. (8), (9) take the form of
IL(Eν) = 1− ∆m
2
2meEν
, (11)
IR(Eν , t) = t
2
(
1 +
∆m2
2meEνt
)
, (12)
ILR(Eν , t) = −
m′
Eν
(
1− t− ∆m
2
2meEν
)
. (13)
The LO total cross section can be also compactly written as
σ
ν`[ν¯`]`
′→ν`[ν¯`]`′
LO =
Eνme
4pi
{
(c``
′
L )
2JL[R] + c
2
RJR[L] + c
``′
L cRJ
L
R
}
, (14)
σ
ν``
′→ν`′`
LO
∣∣∣
6`=`′
= c20
Eνme
4pi
JL, σ
ν¯``→ν¯`′`′
LO
∣∣∣
`6=`′
= c20
Eνme
4pi
JR (15)
with the dimensionless factors
J(Eν) =
tmax∫
tmin
I(Eν , t) dt (16)
that are shown in Table 1, where
F1 = 2 + r, F2 = (2− rR)2, F3 = (2 + 3 r)rR, (17)
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Table 1: The kinematical factors J in Eqs. (14) and (15) in the generic form (right
column) and in the limits of elastic process and large incoming neutrino energy.
m′ = me  Eν m′ = me m′ 6= me
JL 1
2
F1
F2
2F1
JR
1
3
1
3
(
1− r3
F 31
)
F2
12
(
1− r3
F 31
+ F3
F 31
)
JLR − r2 − 2rF 21 −
r′F2
2F 21
and
R =
∆m2
m2e
, r =
me
Eν
, r′ =
m′
Eν
(18)
are the new ratios.
For the neutrino energy up to ∼ 40 GeV the NLO corrections have the values
typically not exceeding 2-3% [5, 6, 7, 8] and are not included in the discussed
implementation.
3. NuWro update
3.1. NuWro interaction modes
The neutrino Monte Carlo generator NuWro [10, 18] has been developed at the Wrocaw
University theory group since 2005. Currently NuWro covers neutrino energy range from
∼ 100 MeV to ∼ 100 GeV. It includes the following basic neutrino-nucleon interaction
modes which can be individually switched on and off:
• charged current quasi-elastic (CCQE) and neutral current elastic scattering
ν` + n→ `− + p, ν¯` + p→ `+ + n, and ν` + N→ ν` + N, (19)
where N is either proton (p) or neutron (n);
• CC/NC single pion production, most importantly through an excitation of the
∆(1232) resonance;
• CC/NC deep inelastic scattering, defined by a condition Winv > 1.6 GeV, where
Winv is the invariant hadronic mass.
For nuclear target reactions, NuWro offers many possibilities to describe the initial
state nucleon: local and global Fermi gas, spectral functions, and an effective density
and momentum dependent nuclear potential. Nuclear targets bring in also two other
possibilities for interaction modes:
• CC/NC coherent pion production;
• CC/NC meson exchange current process.
NuWro contains a homegrown intranuclear cascade model for the final state
interactions (FSI) of outgoing hadrons [19]. However, in modelling purely leptonic
processes, FSI is not used.
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3.2. Neutrino-electron scattering
Implementation of the new dynamics is done within the existing NuWro framework and
is based on the differential cross sections given in Eqs. (8)-(9).
For each channel at every run with a known value of incoming neutrino energy a
point from the phase space defined in Eq. (10) is selected randomly with a uniform
distribution. For the selected value of the variable t the event ‘weight’ is calculated
as the differential cross section using the formula (8)-(9) multiplied by the phase space
volume tmax − tmin.
The weights are used for the two purposes. Firstly, their average value converges
to the cross section and is reported in the output file. Secondly, a sample of events
of a required quantity can be generated using information about weights through the
rejection/acceptance algorithm.
The value of t contains sufficient information to reproduce completely every
neutrino-electron scattering. The kinematics is first generated assuming beam directed
along the Z-axis, and then, if needed, rotated to match the actual beam direction. As
no information about electron polarization is explored there is no constraint on the
interaction plane and in each event it is selected with a random angle φ.
Before the rotation the energy-momentum four-vectors of final state neutrino and
charged lepton are given as
p′ν = (Eνt, Eνt sin θν cosφ, Eνt sin θν sinφ, Eνt cos θν), (20)
p′` = (E
′
`, −Eνt sin θν cosφ, −Eνt sin θν sinφ, Eν(1− t cos θν)), (21)
where
E ′` = Eν(1− t) +me (22)
is the final charged lepton energy, and
cos θν =
2E2ν t+ 2meEν(t− 1) + (m′2 −m2e)
2E2ν t
(23)
is the cosine of the angle between incoming and outgoing neutrino momenta.
From the channel list in Eq. (4) we see that the initial configurations νµ e, ντ e,
and ν¯e e admit two or three final configurations (elastic and nonelastic subchannels).
In such a case for each subchannel a point from the respective phase space is
selected independently and the subchannel weight Wi is calculated using the procedures
described before. The event weight Wtot is defined as a sum of weights Wi of all available
subchannels and the event output configuration is picked from i-th subchannel with the
probability Pi = Wi/Wtot.
The new dynamics is activated by setting dyn lep = 1 in the input params.txt
file. In the output file the cross section is given in the same normalization as remaining
interaction modes, i.e. ‘per nucleon’ in the target. Samples of events with neutrino
interactions on nucleons and electrons can be produced together with their relative
quantities determined by average cross sections.
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Figure 2: Results from NuWro simulation for neutrino-electron and antineutrino-
electron scattering cross sections σ(ν e → ν ′`) and σ(ν¯ e → ν¯ ′`), respectively, vs.
incoming neutrino energy Eν within several chosen ranges. The incoming neutrino
types are as follows: νe and ν¯α with α = µ, τ (upper left), νµ (upper right), ντ (lower
left), and ν¯e (lower right). The cross sections for all involved subchannels are also shown
by separate lines, which are marked by the final charged lepton type ` = e, µ, τ .
In Fig. 2 we show the total cross sections of all leptonic channels in Eq. (4) for the
interesting ranges of incoming neutrino energy, where they show essentially non-linear
behavior. This behavior is due to several reasons: effect of electron mass (upper left
entry), and energy thresholds of Eq. (6) for production of either muon (upper right
entry) or tau lepton (lower entries).
4. Applications
We performed an entry validation of our implementation by checking its ability to
reproduce the analytical total cross sections given by the Eqs. (14)-(15). In the following
Subsections 4.1 and 4.2, we compare the performance of the NuWro lepton dynamics
with some of the published results on accelerator and solar neutrinos. In Subsection
4.3, we discuss the background of neutrino-electron events in the T2K experiment νe
appearance signal.
4.1. Los Alamos accelerator data - normalization test
For the normalization test, we chose the measurements done by the Los Alamos National
Laboratory experiments LAMPF [20] and LSND [21]. Both of them used low energy
Monte Carlo event generation of neutrino-electron scattering 8
5 10 15 20 25 30 35 40 45 50
) MeV   (νE
0
0.1
0.2
0.3
0.4
0.5
0.6
)
 2
cm
 
 
 
(
42
 
10
×
e
) 
eν
 
→
 e eν(
 
σ
LAMPF (stat.+syst.)
LAMPF (stat.)
LSND (stat.+syst.)
LSND (stat.)
NuWro
Figure 3: NuWro simulation results versus the experimental data from LAMPF [20]
and LSND [21] for the νe e→ νe e scattering.
electron neutrino beams produced at a few different proton beam stops (Eν < 50 MeV).
In Fig. 3, we show that the NuWro simulation results are, within the error bars, in good
agreement with the data.
4.2. Solar neutrinos
A possible application of the new NuWro interaction mode is in the studies of solar
neutrinos oscillations. Their reactions νl e → νl e are measured in detectors such as
Super-Kamiokande (SK) and SNO.
We performed a comparison to the SK expectation [22] for the non-monochromatic
hep solar neutrinos, which come from the reaction 3He+p→ 4He+e+ +νe. A spectrum
of the hep neutrinos can be approximated by the formula from Ref. [23]
dN
dEν
= 2.33× 10−5 (18.8− Eν)1.80E1.92ν . (24)
In Fig. 4, the stars mark event rates for the νe e→ νe e scattering of the hep neutrinos,
neglecting oscillations in the SK detector [22]; the histogram shows the respectively
normalized NuWro distribution for 107 generated events. The agreement between the
two computations is very good.
4.3. NuWro for T2K
Tokai-to-Kamioka (T2K) [24] is a long-baseline neutrino oscillation experiment that
consists of near detectors, such as INGRID (to monitor the beam) and ND280, and
the far detector SK. The neutrino flux is composed mostly of either neutrinos or
antineutrinos depending on whether the magnetic field focuses positively or negatively
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Figure 4: The Super-Kamiokande expectation [22] versus NuWro distribution for
νe e→ νe e scattering of the hep solar neutrinos.
Table 2: A breakdown of electron-like events at SuperKamiokande with T2K neutrino
flux for the oscillation parameters as in Fig. 5. The second row shows composition of the
flux in the discussed energy range from 0 to 6 GeV. The fourth row shows average cross
sections for various interaction modes, and the last row shows relative contributions to
the overall number of events.
Neutrino type νe νµ ντ ν¯
Flux contribution in % 4.38 24.92 64.46 6.24
Scattering channel CCQE νe- e νµ- e ντ - e ν¯- e
〈σ〉 × 1042 ( cm2) 3220 4.27 1.07 0.551 0.833
Event number in % 99.41 0.13 0.17 0.25 0.04
charged decaying particles (pions and kaons). Super-Kamiokande measures the beam
of oscillated neutrinos after they propagate a distance of about 295 km.
T2K performs experimental analyses aiming to measure parameters of the neutrino
oscillations model [9]. The disappearance signal νµ 6→ νµ is used to measure the |∆m223|
and sin2 θ23 oscillation parameters. The dominant oscillation mode at T2K is νµ → ντ ,
however more experimentally useful is a subleading mode νµ → νe, which is sensitive
to the values of θ13 and CP violation phase. Electron neutrinos are measured at the
SK mainly via the CCQE scattering. The SK identifies electron neutrinos ‘electron-
like’ events because it can distinguish electron and muon Cherenkov rings. Hence, it is
important to estimate a background coming from the ν e→ ν e events.
The predicted unoscillated T2K flux in the neutrino mode, taken from Refs. [25, 26],
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Figure 5: Unoscillated (upper) and oscillated (lower) T2K beam flux in the neutrino
mode at the Super-Kamiokande detector. The oscillation parameters used in the
computations are: sin2 θ13 = 2.241 × 10−2, sin2 θ23 = 0.558, and ∆m232 = 2.449 ×
10−3 eV2 [9].
is shown in the top plot of Fig. 5, while the oscillated flux is presented in the bottom
one. To compute the oscillated flux, we used the best fit values of neutrino oscillation
parameters for the normal ordering of neutrino masses [9]: sin2 θ13 = 2.241 × 10−2,
sin2 θ23 = 0.558, ∆m
2
32 = 2.449×10−3 eV2, and neglected the effect of the CP violation.
In Table 2, we collect information about the composition of the T2K neutrino beam
at the SK and predicted numbers of electron-like events broken down according to their
origin. A distribution of the electron-like events as a function of neutrino energy is
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Figure 6: A NuWro prediction for the T2K signal of electron-like events coming from
CCQE interactions of νe that originate mainly from the flux oscillations and the leptonic
background.
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Figure 7: A distribution of electron-like events at SK as a function of the final electron
energy. The contributions from the CCQE and purely leptonic interactions are shown
separately.
shown in Fig. 6.
In Figs. 7 and 8, we show distributions of the signal CCQE electron-like events and
the leptonic background in the final electron kinetic energy, and the cosine of outgoing
electron angle relative to the direction of a neutrino flux, respectively. From these
comparisons one can deduce that the only kinematical region where the background
events can contribute significantly to the overall signal is that of forward (relative to
neutrino beam) moving low energy electrons.
To investigate this region of phase space in more detail, in Fig. 9, we show the
relative contribution NLEP/(NCCQE+NLEP) of neutrino-electron events in the overall
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Figure 8: The same as in Fig. 7 but the distribution is drawn in cos θ.
sample of electron-like events, as a function in the E ′e - cos θ plane. It can be seen that
the CCQE and background contributions to electron-like events are mostly separated.
The background events occupy the region of either very forward directions or very
low electron kinetic energies. This behaviour is a direct consequence of the calculated
relation between the final electron angle θ and energy E ′e:
cos θ =
EνE
′
e −me(Eν − E ′e)−m2e
Eν
√
E ′e
2 −m2e
=
ε(Eν +me)
Eν
√
ε2 + 2meε
, (25)
where we introduced the electron kinetic energy ε: E ′e = me + ε. At T2K energies
Eν >> me and the relation simplifies as
cos θ ≈ ε√
ε2 + 2meε
=
(
1 +
2me
ε
)−1/2
. (26)
Hence, for ε >> me, one obtains cos θ ≈ 1−me/ε ≈ 1.
5. Conclusions
In this paper, we report our work on the implementation of neutrino-electron reactions
in NuWro Monte Carlo neutrino event generator. We compared the NuWro outcome
with a selected sample of experimental data and theoretical computations. The key
example is that of electron-like events in the Super-Kamiokande detector in the T2K
experiment. The overall fraction of the neutrino-electron scattering background in the
electron-like events containing νµ → νe oscillation signal is of the order of 0.5%. We
show that the contribution from the background events populates a distinct region of
the phase space and can be easily isolated.
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Figure 9: A NuWro prediction for the two-dimensional E ′e - cos θ distribution of the
ratio of the leptonic to total (CCQE plus leptonic) electron-like events at the SK:
NLEP/(NCCQE+NLEP).
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